Plants show a suite of inducible defense responses against bacterial pathogens. Here we investigate in detail the effect of the circadian clock on these reactions in Arabidopsis thaliana. The magnitude of immune responses elicited by flg22, by virulent and by avirulent Pseudomonas syringae strains depends on the time of day of inoculation. The oxidative burst is stronger when flg22 is infiltrated in the morning in wild-type plants but not in the arrhythmic clock mutant lux arrhythmo/phytoclock1 (pcl1), and thus is controlled by the endogenous clock. Similarly, when bacteria are syringe-infiltrated into the leaf, defense gene induction is higher and bacterial growth is suppressed more strongly after morning inoculation in wild-type but not in pcl1 plants. Furthermore, cell death associated with the hypersensitive response was found to be under clock control. Notably, the clock effect depends on the mode of infection: upon spray inoculation onto the leaf surface, defense gene induction is higher and bacterial growth is suppressed more strongly upon evening inoculation. This different phasing of pre-invasive and post-invasive defense relates to clockregulated stomatal movement. In particular, TIME FOR COFFEE may impact pathogen defense via clock-regulated stomata movement apart from its known role in timeof-day-dependent jasmonate responses. Taken together, these data highlight the importance of the circadian clock for the control of different immune responses at distinct times of the day.
Introduction
Due to the periodic changes between light and darkness generated by the rotation of the Earth, higher plants, like most organisms, have acquired an awareness of internal time. Endogenous circadian clocks (from the Latin 'circa diem', about a day) cause physiological processes such as growth and photosynthetic activity to maintain a 24 h rhythm so that they occur at supposedly optimal times of the day, leading to enhanced plant performance (Dodd et al. 2005 , McClung 2006 .
A major factor contributing to plant performance is the ability to respond appropriately to pathogen threats. Bacteria gain access to the interior of the leaf through natural openings, in particular the stomata (Melotto et al. 2008) . Plants sense the presence of bacteria through receptors for so-called pathogenassociated molecular patterns (PAMPs) such as flagellin (Gomez-Gomez and Boller 2000) . Perception of flagellin or the active peptide flg22 by the FLS2 receptor activates PAMPtriggered immunity (PTI) including a rapid increase in reactive oxygen species (ROS), activation of genes encoding defenserelated proteins, increased callose deposition and closure of stomata (Dodds and Rathjen 2010) . As a counter-defense, various Pseudomonas strains produce coronatine, a structural mimic of jasmonic acid (JA)-isoleucine that activates JA signaling and is thought to antagonize salicylic acid (SA)-dependent defense responses (Brooks et al. 2005 , Katsir et al. 2008 , Zheng et al. 2012 ). In addition, coronatine causes stomatal opening, thus promoting bacterial entry (Melotto et al. 2006) . Pathogens can overcome PTI by injecting into the cell so-called type III effector proteins (Abramovitch et al. 2006 ). Plants in turn directly or indirectly sense some of these effectors, the avirulence factors, through resistance (R) proteins, leading to effector-triggered immunity (ETI) (Jones and Dangl 2006) . This response is generally stronger than PTI and its most characteristic feature is the hypersensitive response (HR), a localized programmed cell death to prevent pathogen spread from the site of infection.
An influence of light on defense has repeatedly been reported. Light is essential for the incompatible interaction between Xanthomonas oryzae pv oryzae and rice (Guo et al. 1993) .
Light is also required for SA-induced defense gene expression and development of an HR in Arabidopsis (Genoud et al. 2002) . Zeier and co-workers identified both light-dependent and -independent inducible defense responses in incompatible interactions (Zeier et al. 2004) . Subsequent studies showed that Arabidopsis plants infiltrated in the morning were more resistant to infection with avirulent P. syringae pv. maculicola ES4326 avrRpm1 bacteria than plants infiltrated in the evening (Griebel and Zeier 2008) . This was attributed to the prolonged light period during early plant-pathogen interaction in the morning. Subsequently, it was predicted that timing of immune responses in synchrony with the day-night cycles enables plants to combat pathogens more effectively (Roden and Ingle 2009 ). In fact, inoculation at different times of the day elicited immune responses of different magnitude (Bhardwaj et al. 2011 , Zhang et al. 2013 .
The core clock in Arabidopsis includes the MYB-type transcription factors CIRCADIAN CLOCK ASSOCIATED1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY) that oscillate with a peak at dawn, repress the PSEUDORESPONSE REGULATOR 1 (PRR1)/TIMING OF CAB EXPRESSION 1 (TOC1) and activate PRR9, PRR7 and PRR5 (Schaffer et al. 1998 , Wang and Tobin 1998 , Alabadi et al. 2001 , Farré et al. 2005 . In the course of the day, CCA1 and LHY are repressed by TOC1, PRR5, PRR7 and PRR9, which in turn are inhibited by EARLY FLOWERING 3, EARLY FLOWERING 4 and LUX ARRHYTHMO (LUX)/ PHYTOCLOCK 1 (PCL1) (Onai and Ishiura 2005 , Nakamichi et al. 2010 , Helfer et al. 2011 , Gendron et al. 2012 . The rhythmically expressed clock proteins cause large parts of the transcriptome to undergo 24 h oscillations, and these clock output genes in turn mediate physiological rhythms. An additional protein necessary for maintaining circadian period and amplitude is TIME FOR COFFEE (TIC), a nuclear protein of unknown biochemical activity (Hall et al. 2003 , Ding et al. 2007 .
In support of a connection between circadian timekeeping and defense, PATHOGEN AND CIRCADIAN CONTROLLED 1, a gene rapidly up-regulated upon P. syringae infection, oscillates with an evening peak (Sauerbrunn and Schlaich 2004) . Subsequently, Bhardwaj and co-workers analyzed publicly available microarray data and noticed a widespread clock control of defense-related genes (Bhardwaj et al. 2011) . Cca1 mutants showed reduced resistance, and plants constitutively overexpressing CCA1 (CCA1-ox) showed enhanced resistance to the oomycete Hyaloperonospora arabidopsidis when infected at dawn (Wang et al. 2011) . As the lhy gain-of-function mutant did not show altered resistance, this was attributed to a specific effect of CCA1 rather than a general clock effect (Wang et al. 2011 ). Subsequently, CCA1-ox plants were shown to be more susceptible to infiltration and spray inoculation with P. syringae pv maculicola DG3 (Zhang et al. 2013) . Also, the cca1-1 lhy-20 double loss-of-function mutant was more susceptible to spray inoculation with P. syringae pv maculicola DG3, showing that LHY and CCA1 act redundantly in immunity (Zhang et al. 2013) .
Another component involved in defense responses is TIC (Shin et al. 2012) . Tic-2 mutants were found to be more susceptible to P. syringae pv tomato DC3000 (hereafter Pst DC3000) than wild-type (wt) plants. This does not appear to be the consequence of a general clock defect, but rather a specific regulation of JA signaling by TIC. Furthermore, clockregulated AtGRP7 (Arabidopsis thaliana glycine-rich RNA-binding protein 7), which acts downstream of the core oscillator, promotes resistance to Pst DC3000 partly through SA-dependent defense (Fu et al. 2007 , Streitner et al. 2010 , Schmal et al. 2013 , Hackmann et al. 2014 . This is dependent on its RNA-binding activity, pointing to the importance of posttranscriptional regulation in pathogen defense (Jeong et al. 2011 , Nicaise et al. 2013 ).
Here we comprehensively investigated the control of innate immune responses by the circadian clock. We showed that an early PAMP response, the oxidative burst, is both time of day dependent and under control of the circadian clock. Furthermore, the induction of defense genes by flagellin and by virulent and avirulent P. syringae and the suppression of bacterial growth were stronger upon infiltration in the morning, not only in light-dark (LD) cycles, but also in continuous light. Notably, when the infection was carried out by spray inoculation, bacterial multiplication was higher in the morning. Thus, the effect of the clock on defense depended on how the plant physically encountered the bacteria. Furthermore, we showed that the impaired defense phenotype of tic-2 (Shin et al. 2012 ) also depends on the mode of inoculation.
Results

Circadian control of PAMP-triggered ROS production
To determine whether one of the first responses to PAMPs, the production of ROS, depends on the time of day, flg22 was infiltrated at different time points of the day-night cycle. To ensure that the oxidative burst measured at different times could be directly compared, plants were grown in an antiparallel light regime so that treatments in the subjective morning and the subjective evening were performed simultaneously (Fig. 1A) . Because defense responses require light (Genoud et al. 2002, Griebel and Zeier 2008) , plants were transferred to continuous light (LL) at the start of the experiment. ROS production was higher in Arabidopsis Col-0 plants infiltrated 2 h after lights on (LL2) than in plants infiltrated at LL10 ( Fig. 1B;  Supplementary Fig. S1 ). In mock-treated plants that were not exposed to flg22, no oxidative burst was detected (Fig.  1B) . To test whether this difference depends solely on the time relative to dawn or is due to endogenous control, flg22 was administered on the second day after transfer to LL (Fig. 1A) . ROS production was higher in plants challenged in the subjective morning at LL26 than in plants challenged in the subjective evening at LL34 or at LL10 ( Fig. 1C; Supplementary Fig. S1 ). Thus, flg22 was a suitable tool to study the competence of the plant for PTI responses at different times of the day, and the time-of-day-dependent flg22-triggered ROS production was under endogenous control.
Circadian control of PAMP-responsive gene expression
To test the time of day dependence of another PTI readout, we monitored flg22-triggered gene expression. Col-0 plants were infiltrated with flg22 or mock-infiltrated with H 2 O, and the levels of the flg22-responsive FRK1 gene encoding the FLG22-INDUCED RECEPTOR-LIKE KINASE 1 (Asai et al. 2002) were monitored 4 h after infiltration. FRK1 expression was very strong after infiltration in the morning (LL2) and weaker after infiltration at LL10 (Fig. 2) . Also on the second day in LL, FRK1 expression was significantly stronger at LL26 than at LL34, whereas it was not significantly different upon mock infiltration in the morning or the evening.
Circadian control of defense gene expression triggered by virulent Pst DC3000
While PTI represents a first layer of defense, successful pathogens overcome PTI to establish infection. We determined whether the response to virulent Pst DC3000 bacteria varies with the time of day. Col-0 plants were infiltrated with Pst DC3000 at 4 h intervals, starting at LL0. Control plants were mock-infiltrated with 10 mM MgCl 2 at each time point. Plants were harvested 6 h after infiltration and defense gene induction was monitored. FRK1 expression was high upon infiltration at dawn and declined upon infiltration during the day, whereas FRK1 levels in mock-treated samples were low without significant variation ( Supplementary Fig. S2 ). On the second day in LL, FRK1 expression peaked again upon infiltration around subjective dawn, indicating that the effect of virulent Pst DC3000 on FRK1 gene expression is time of day dependent and under endogenous control.
Circadian control of the hypersensitive response
Having shown that PTI and defense gene expression in response to virulent bacteria are influenced by the circadian clock, we asked whether the hypersensitive response upon infection with avirulent P. syringae likewise is clock controlled. We measured ion leakage from leaf discs that results from damage to plasma membranes caused by HR-induced cell death (Pike et al. 2005) . Electrolyte leakage in Col-0 plants infiltrated with avirulent Pst DC3000 (avrRpt2) at LL2 was higher over time than in plants infiltrated at LL10 (Fig. 3) , and higher upon infiltration at LL26 than at LL34. Furthermore, using Evans blue stain, we detected more dead cells in leaves infiltrated at LL2 than in leaves infiltrated at LL10 ( Supplementary Fig. S3 ). This difference again persisted in LL. Thus, the cell death associated with the hypersensitive response, a specific effector-triggered response, is under clock control.
Circadian control of defense gene induction in response to avirulent Pst DC3000 (avrRpt2)
Next we asked whether another aspect of the ETI, defense gene expression triggered by avirulent bacteria, is also under clock control. For this, Col-0 plants were infiltrated with Pst DC3000 Fig. S1 ). Fig. 2 Flg22-triggered defense gene expression depends on the time of day. Arabidopsis Col-0 plants were infiltrated with 1 mM flg22 at LL2, LL10, LL26 and LL34, or mock-infiltrated with H 2 O. FRK1 transcript levels were measured 4 h after infiltration and are expressed relative to PP2A. Data represent means of three biological replicates ± SD. *Significant differences according to ANOVA and subsequent Fisher LSD test (P < 0.05).
(avrRpt2) or mock-infiltrated with 10 mM MgCl 2 at 4 h intervals, starting upon transfer of the plants to continuous light (LL0). Plants were harvested 6 h after infiltration. FRK1 expression was high upon infiltration at LL4 and decreased upon infiltration throughout the day, whereas FRK1 levels in mock-treated samples were low without significant variation across the day (Fig. 4) . A high FRK1 level again was seen on the second day in LL, with a peak upon infiltration at LL28.
Time of day dependence of immune responses is abolished in the arrhythmic lux arrhythmo/ phytoclock 1 mutant Collectively, our data show that defense reactions triggered by infiltration of flg22, virulent and avirulent bacteria show a time of day dependence, and this persists in LL. If these time-of-daydependent differences are controlled by the circadian clock they should not appear in arrhythmic mutants with a defective clock. Therefore, we monitored defense responses in the lux mutant, using the pcl1-1 allele (Hazen et al. 2005, Onai and Ishiura 2005) . Lux/pcl1-1 has lost rhythmic expression of several core clock genes and output genes, and we show here that in pcl1-1 the stomata show a similar aperture at LL2 and LL10, whereas in the parental line G38 they are open much wider at LL2 than at LL10 (Supplementary Fig. S4 ).
In G38, the magnitude of the flg22-triggered oxidative burst was higher upon infiltration at LL2 than at LL10 ( Fig. 5A ; Supplementary Fig. S5 ) and higher at LL26 than at LL34 (Fig. 5B) . In mock-treated plants, no oxidative burst was detected. This is comparable with our observation in Col-0 wt (Fig. 1) . In the pcl1-1 mutant, ROS production was similar at LL2 and LL10 (Fig. 5C) , as well as at LL26 and LL34 ( Fig. 5D ; Supplementary Fig. S5 ). Thus, the time-of-day-dependent ROS production was not observed in the arrhythmic mutant.
Furthermore, the expression of the WRKY22 transcript encoding a zinc finger transcription factor recognizing WRKY boxes in defense gene promoters (Asai et al. 2002) was stronger when G38 plants were infiltrated with virulent Pst DC3000 at LL2 compared with LL10 and at LL26 compared with LL34, whereas no time-of-day-dependent difference was seen upon mock infiltration (Fig. 5E) . In pcl1-1, the expression was not significantly different upon infiltration in the subjective morning or evening. Similarly, the expression of FRK1 was stronger upon infiltration at LL2 compared with LL10 and at LL26 compared with LL34, whereas no significant time-of-day-dependent difference was seen in pcl1-1 (Fig. 5F) .
The stronger immune response upon infitration in the morning suggests that plants combat bacterial pathogens more strongly in the morning. Indeed, when the wt control G38 was infiltrated with virulent Pst DC3000 at LL10, bacterial growth increased by 45% on day 2 whereas it increased only by 33% upon infiltration at LL2. Also, on the second day in LL, bacterial growth increased by 46% on day 2 upon infiltration at LL34 and by 32% upon infiltration at LL26 (Fig. 5G) . This phasing of bacterial multiplication was similar to the higher growth previously observed when Pst DC3000 was infiltrated during the early subjective night than when infiltrated during the subjective day (Bhardwaj et al. 2011 ). In the pcl1-1 mutant we observed similar bacterial growth irrespective of the time of infiltration (Fig. 5H) . Taken together, these data show that the investigated immune responses indeed are under the control of the endogenous clock.
The circadian clock directs pre-invasive and postinvasive defenses to opposite times of the day Infection of plants by spray-inoculating bacteria on the leaf surface bears more resemblance to infection in the natural environment where bacteria gain access through the stomata. We tested whether infiltration of bacteria into the leaf or spray inoculation would differentially affect the time-of-day-dependent restriction of Fig. 3 Characterization of ion leakage during cell death associated with the HR. Col-0 plants were syringe-infiltrated with avirulent Pst DC3000 (avrRpt2) at LL2, LL10, LL26 and LL34. Conductivity was monitored in leaf discs for 26 h. The data represent means of four replicates ± SD. Similar results were observed in three independent experiments. *Significant differences according to Student's t-test (P < 0.05). Fig. 4 Induction of defense-related genes by avirulent Pst DC3000 (avrRpt2) depends on the time of day. Leaves of Col-0 were infiltrated with avirulent Pst DC3000 (avrRpt2) or mock-treated with 10 mM MgCl 2 at 4 h intervals starting upon transfer to continuous light (LL0). FRK1 transcript levels were measured 6 h after infiltration and are expressed relative to PP2A. Data represent means of two independent biological replicates of the time course. Supplementary Fig. S5 ). (E, F) Defense gene expression. The G38 wt and pcl1-1 were infiltrated with Pst DC3000 or mock-infiltrated with 10 mM MgCl 2 at LL2, LL10, LL26 and LL34. WRKY22 (E) and FRK1 (F) transcript levels were measured in plants 4 h after infiltration and are expressed relative to PP2A. Data represent means of three biological replicates ± SD. *Significant differences according to ANOVA and subsequent Fisher LSD test (P < 0.05). (G, H) Bacterial growth. The G38 wt and pcl1-1 were infiltrated with Pst DC3000. Bacterial counts at day 0 and day 2 are presented as c.f.u. per cm 2 leaf disc and represent the mean ± SD of three biological replicates. The experiment was repeated three times with similar results. bacterial growth in LL, as previously observed in LD (Zhang et al. 2013 ). Infiltration of Col-0 plants at LL10 and LL34 allowed more bacteria to multiply compared with infiltration at LL2 and LL26, respectively (Fig. 6A) , as observed for the G38 wt (Fig. 5G) . In contrast, spray inoculation of Col-0 plants with Pst DC3000 at LL2 and LL26 allowed more bacteria to multiply compared with spray inoculation at LL10 and LL34, respectively (Fig. 6B) . This higher bacterial growth in the morning upon spray inoculation may reflect a larger percentage of open stomata (Dodd et al. 2005 , Melotto et al. 2008 , Zhang et al. 2013 ).
Post-invasive defense but not pre-invasive defense is stronger in the evening in tic-2
The clock protein TIC is required for correct clock function at night and inhibits JA signaling preferentially in the evening. This contributed to the stronger JA responsiveness in the morning (Shin et al. 2012 ). The tic-2 mutant is more susceptible to Pst DC3000 and shows a similar bacterial growth irrespective of spray infection in the morning or evening, whereas in wt plants bacterial growth was more strongly suppressed upon spray infection in the evening. This has been attributed to impaired JA signaling in tic-2.
When we sprayed tic-2 with Pst DC3000, bacteria multiplied to the same level irrespective of the time of day (Fig. 7A) , as previously observed (Shin et al. 2012) . In contrast, when we applied Pst DC3000 by infiltration, bacterial growth was slightly but significantly stronger at LL10 and LL34 than at LL2 and LL26, respectively (Fig. 7B) . Thus, upon infiltration, the timed suppression of bacterial growth in tic-2 was stronger in the subjective morning, as observed in Col-0 plants (cf. Fig. 6A ). We reasoned that in wt plants TIC may contribute to the repression of plant defense in the evening upon spray inoculation not only via the JA response. Thus, we compared stomatal aperture in the morning and the evening. Stomatal aperture was similar at LL10 and LL2 in tic-2 whereas it was smaller at LL10 than at LL2 in the wt (Supplementary Fig. S6 ). This indicates that TIC is required for the timing of stomatal aperture. Thus, the altered timing of bacterial growth in tic-2 observed upon spray inoculation may be due to misregulation of stomatal aperture and this may be separate from the role of TIC in post-invasive defense when bacteria are infiltrated into the leaves.
Discussion
The circadian clock organizes a plant's day to ensure optimal timing of physiological processes (Staiger 2002 , Dodd et al. 2005 . Mounting evidence shows that bacterial infection affects the clock and that the clock in turn controls immune responses (Roden and Ingle 2009 , Bhardwaj et al. 2011 , Zhang et al. 2013 ). Here we show that the circadian clock impacts multiple steps of Arabidopsis immunity. We show for the first time that the flg22-triggered oxidative burst was stronger in the morning than in the evening, and flg22 triggered stronger defense gene expression when infiltrated in the morning. Defense gene expression was also higher when virulent Pst DC3000 bacteria were infiltrated in the morning. This differential competence of the plant to react to pathogen threat could be due to an overall higher response in the morning or different kinetics of the defense gene induction at different times of the day. Importantly, we show that these responses persist in extended periods of constant light, excluding mere reactions to the onset of illumination. Rather, these responses are under endogenous control. This conclusion is supported by the temporal defense pattern in the arrhythmic pcl1-1/lux mutant. ROS production showed a similar magnitude in pcl1-1 irrespective of whether flg22 was infiltrated in the subjective morning or evening. Furthermore, the reduced induction of WRKY22 and FRK1 in the subjective evening seen in the G38 parental line was not observed in pcl1-1.
Previously it was observed that the HR lesion development elicited by avirulent bacteria was stronger upon infiltration at the beginning of the daily light phase than at the end (Griebel and Zeier 2008) . This was attributed to the prolonged light exposure during early plant-pathogen interaction upon infiltration in the morning. We report here that ion leakage is also stronger upon infiltration in the subjective morning when plants infiltrated in the evening are kept in the light. This was also seen on the second day in LL, indicating that it is indeed controlled by the circadian clock. In line with this, stronger Evans blue staining indicative of cell death was observed in plants infiltrated in the subjective morning with Pst DC3000 (avrRpt2). Furthermore, defense gene induction by Pst DC3000 (avrRpt2) was also stronger when bacteria are infiltrated in the Fig. 6 Time-dependent pathogen response after bacterial spray inoculation in comparison with bacterial infiltration. Col-0 plants were infiltrated (A) or spray-inoculated (B) with Pst DC3000 at LL2, LL10, LL26 and LL34, respectively. Bacterial counts at day 0 and day 2 are presented as c.f.u. per cm 2 leaf disc and represent the mean ± SD of three biological replicates. The experiments were repeated three times with similar results. *Significant differences according to Student's ttest (P < 0.05). subjective morning. Thus, different ETI responses are under clock control.
Overall, the timed immune responses correlated with a time-of-day-dependent suppression of bacterial growth in wt plants infiltrated with virulent Pst DC3000, as previously observed (Zhang et al. 2013) . We show that this persisted in LL. Moreover, infiltration of the arrhythmic lux/pcl1-1 mutant either in the subjective morning or in the subjective evening allowed a similar bacterial growth, indicating that loss of PCL1/LUX affects the clock control of antibacterial defense. Circadian rhythms are abolished not only by clock mutations but also upon constitutive overexpression of clock components (Dunlap 1999, Staiger and Heintzen 1999) . Accordingly, in CCA1-ox plants, temporal variance in the susceptibility to virulent Pst DC3000 was lost (Bhardwaj et al. 2011) .
A stronger suppression of bacterial growth early in the day, when the stomata are generally more open, may be of advantage to the plant. However, the defense response depended on the way the bacteria were applied: When bacteria were spray inoculated, suppression of bacterial growth was higher in the evening (Fig. 6) . This could suggest that the stronger defense reactions elicited in the morning, visible upon direct infiltration of bacteria into the leaf, are not visible upon spray inoculation because they are masked by the stomatal regulation.
Spray inoculation resembles natural infection, and a major factor controlling the success of the infection is access into the leaf through the stomata. Because the tic-2 mutant was more susceptible to Pst DC3000 than the wt and allowed bacterial growth to similar levels irrespective of whether bacteria are spray inoculated in the morning or in the evening, TIC has been implicated in timing of pathogen defense via its evening-specific inhibition of JA signaling and gene expression (Shin et al. 2012 ). When we infiltrated tic-2 plants, bacterial growth was stronger in the evening, similar to Col-0 plants (Fig. 7B) . Thus, TIC may exert its effect on the clock-controlled defense not only via the evening-specific suppression of the JA response. We found that the clockcontrolled stomatal movement was disrupted in tic-2. Thus, upon spray inoculation when bacteria encounter the pre-invasive defense of the plant, stronger bacterial growth on wt plants infected in the morning compared with the evening could be attributed to the open stomates that allow more bacteria to enter into the leaf, and the overall reduced suppression of bacterial growth in tic-2 could be partly attributed to reduced stomatal closure in the evening. Thus, TIC probably plays an important role during the clock-regulated stomata-dependent pre-invasive defense in addition to its role in post-invasive defense (Shin et al. 2012) . Previously, CCA1-ox plants have been shown to have their stomata open throughout the photoperiod (Dodd et al. 2005) , and the role of CCA1 in defense has been attributed partly to its control of stomatal movement (Zhang et al. 2013) . CCA1 has been proposed to act on stomatal aperture via its downstream target AtGRP7 (Zhang et al. 2013 ). The molecular mechanisms by which TIC, a nuclear protein, or the nucleo-cytoplasmic RNA-binding protein AtGRP7 affect stomatal movement remain to be resolved (Ziemienowicz et al. 2003 , Ding et al. 2007 ).
Overall, our data extend previous observations that the circadian clock modulates the response of the plant to bacterial threat over the course of the day, and, accordingly, mutants with defects in clock components or plants with clock activity blunted through constitutive overexpression of clock proteins show altered sensitivity to pathogens (Bhardwaj et al. 2011 , Wang et al. 2011 , Zhang et al. 2013 . Notably, we show that the clock differentially controls two aspects of defense against pathogens, the pre-invasive and the post-invasive defense. Zhang and co-workers proposed that during the night plants rely preferentially on the physical barrier provided by the closed stomata that restrict bacterial entry into the leaf, and during the day plants are more dependent on stomata-independent responses (Zhang et al. 2013) . Using a genetic approach, we confirm that rhythms of stomatal aperture indeed contribute to the difference in pre-invasive defense operative upon application onto the leaf surface and post-invasive defense operative upon direct infiltration. Thus, plants obviously compensate a weaker pre-invasive defense in the morning by an enforced post-invasive defense. Furthermore, we show that this regulation takes place not only in the regular day-night cycle but also in LL, a critical feature of control by the endogenous clock. Fig. 7 Differential effect of the tic-2 mutation on bacterial growth upon spray inoculation vs. infiltration. Tic-2 plants were sprayinoculated (A) or infiltrated (B) with Pst DC3000 at LL2, LL10, LL26 and LL34, respectively. Bacterial counts at day 0 and day 2 are presented as c.f.u. per cm 2 leaf disc and represent the mean ± SD of three biological replicates. The experiment was repeated three times with similar results. *Significant differences according to Student's t-test (P < 0.05).
The enhanced resistance to biotrophic bacteria upon infection in the subjective morning has been attributed to rhythmic accumulation of SA with a night-time peak (Wang et al. 2011 , Goodspeed et al. 2012 . However, bacterial infection causes a rise in SA levels so that it is unclear whether the rhythms in basal hormone levels are relevant for the rhythmic defense. It also remains to be determined whether this time-of-daydependent change in defense strategies confers a measurable fitness advantage on the plant. Although circadian clocks have been shown to confer a competitive advantage in cyanobacteria (Ouyang et al. 1998) , presently clocks have not been investigated in phytopathogenic Pseudomonas bacteria. Therefore, it is not known whether the time-of-day-dependent immune responses may reflect an interplay between endogenous timing systems of the plant and the bacterial enemy, respectively, as observed for plant-herbivore interaction (Goodspeed et al. 2012) . Interestingly, a recent study of bacterial genomes identified a protein with a thioredoxin fold, as it is found in the cyanobacterial clock protein KaiB or the peroxiredoxins involved in circadian rhythms in eukaryotes (O'Neill et al. 2011 , Karpinets et al. 2014 ). This protein was hypothesized to influence the host circadian machinery upon secretion into the plant cell and was found mainly in phytopathogenic bacteria, whereas KaiB was mainly found in mutualists. In the future, studies in natural environments are required to assess fully the relevance of the time-of-day-dependent plant defense responses (Meldau and Baldwin 2013) .
Materials and Methods
Plant growth
Arabidopsis Col-0 wt, tic-2 (Shin et al. 2012) , the arrhythmic phytoclock1-1 (pcl1-1) mutant and the corresponding progenitor wt line G38 harboring a GIGANTEA:LUCIFERASE reporter (Onai and Ishiura 2005) were used. Plants were grown on soil in 10 h light-14 h dark at a constant temperature of 20 C for 4 weeks. Starting at dawn of the respective treatments, plants were kept in LL.
In planta bacterial growth assay
Pst DC3000 and Pst DC3000 (avrRpt2) strains were grown in King's broth supplemented with appropriate antibiotics at 28 C. Bacteria from overnight cultures in the logarithmic phase were pelleted, washed three times with 10 mM MgCl 2 , and the bacterial suspensions were stored in 10 mM MgCl 2 at 4 C. Bacteria from the same overnight culture were used throughout one experiment, and the OD was controlled before each infiltration. Plants grown for 4-5 weeks on soil were spray-inoculated or infiltrated with a needle-less syringe, as indicated. To compare these routes of infection directly, we used a cell density of 2Â10 8 c.f.u. ml À1 (Zeng and He 2013) in both cases. Thus, bacteria were enumerated from leaf tissue already 2 d after infection as described (Fu et al. 2007 , Jeong et al. 2011 ).
Electrolyte leakage assay
Leaves from the rosettes of 4-to 5-week-old plants were infiltrated with Pst DC3000 (avrRpt2) at a density of 5Â10 7 cells ml À1 . Eight leaf discs were prepared with a cork borer immediately after the infiltration and floated on 10 ml of distilled water for 30 min (Mackey et al. 2002) . Subsequently, the leaf discs were transferred to 8 ml of water and incubated for 24 h. The conductivity was determined using a conductivity meter (inolab cond720, WTW). Four biological replicates were measured at the same time. Data are expressed as means ± SD. Statistical significance was determined using Student's t-test.
Detection of cell death by Evans blue staining
Leaves from the rosettes of 4-to 5-week-old wt plants were infiltrated with Pst DC3000 (avrRpt2) at a density of 5Â10 7 cells ml À1 . Cell death was monitored by Evans blue staining according to Baker and Mock (1994) with some modifications. Leaves were taken after 20 h, soaked in 15 ml of 0.25% Evans blue for 20 min and washed briefly with water 2-3 times. Subsequently leaves were destained by boiling in 96% ethanol for 10 min, transferred to a 60% glycerol solution and photographed.
Measurement of reactive oxygen species
Plants were grown in 10 h light-14 h dark cycles in two Percival incubators with the LD cycle 8 h out of phase so that LL2 in one incubator and LL10 in the other incubator correspond to the same time of day (Fig. 1A) . Rosette leaves of 4-to 5-week-old plants were infiltrated with 1 mM flg22 or mock-infiltrated with H 2 O at the time points indicated. Leaf discs 0.4 cm in diameter were harvested and floated for 6 h on water in 96-well plates. The water was replaced with a solution containing 0.5 mM chemiluminescence probe L-012 (Wako), 10 mM MOPS/KOH (pH 7.4) and 1 mM flg22, or 0.5 mM chemiluminescence probe in 10 mM MOPS/KOH (pH 7.4) for mock-treated samples. Luminescence was recorded for 30 min using a GloMax Microplate Reader (Promega).
Measurement of stomatal aperture
Leaves of adult plants or seedlings grown in liquid culture were mounted onto a glass slide, and immediately observed under a microscope (Zeiss Axioplan 2). Pictures were taken and the width of the stomatal aperture was measured with the help of ImageJ (version 1.42). Data are expressed as means ± SD. Statistical significance was determined using Student's t-test.
RNA analysis
RNA isolation and real-time PCR were performed as described (Streitner et al. 2012) . Data were normalized to PP2A (At1g13320) and expressed as the mean expression levels ± SD (Schöning et al. 2007 ). Primers are listed in Supplementary Table S1 .
Supplementary data
Supplementary data are available at PCP online.
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